With the increasing wealth of structural information available for human pathogens, it is now becoming possible to leverage that information to aid in rational selection of targets for inhibitor discovery. We present a methodology for assessing the drugability of all small-molecule binding pockets in a pathogen. Our approach incorporates accurate pocket identification, sequence conservation with a similar organism, sequence conservation with the host, and structure resolution. This novel method is applied to 21 structures from the malarial parasite Plasmodium falciparum. Based on our survey of the structural genome, we selected enoyl-acyl carrier protein reductase (ENR) as a promising candidate for virtual screening based inhibitor discovery.
INTRODUCTION I
DENTIFICATION OF NOVEL drug-binding targets remains an insufficiently met need in drug discovery. Recently, structural genomics initiatives have begun to play a significant role in the rapid production of structural data. However, many of the structures determined by such initiatives remain uncharacterized (Todd et al., 2005) , leading to a discrepancy between the number of proteins elucidated and the number of druggable targets available. It is clear that, as the number of available protein structures in a particular genome increases, the need for understanding and annotation of these structures also increases. In turn, this important functional information can be exploited for structure-based drug design. One application of such information is the identification of small-molecule binding sites. Traditionally, these sites have been elucidated through co-crystallization with a known ligand or through site-directed mutagenesis of putative active site residues. However, if such data is not available, then other means must be explored. An alternative method of determining binding sites is through computational structural analysis. This type of approach has been shown recently to detect successfully greater than 95% of the ligand binding sites in a benchmark of over 5000 protein structures .
Once potential ligand binding sites are identified, the next question is whether small molecules bound to those sites will interfere with the function of the protein. One method for determining the functional significance of a protein region is through sequence conservation to related homologues. This method has been shown to be particularly useful in determining interaction sites on proteins (Chelliah et al., 2004) .
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Due to the unfulfilled requirement of target discovery, we decided to approach this problem by surveying all proteins in a genome-wide scale. Here we present a methodology for the comprehensive computational evaluation of all small-molecule binding sites across a genome, and the potential to target these sites for structure-based drug design.
We apply our method to malaria, a human parasitic disease that causes 300-500 million acute infections and over 1 million deaths per year (WHO, 2005) . The species Plasmodium falciparum is responsible for the majority of all malarial deaths. The drugs chloroquine and sulfadoxine currently used to treat malaria are rapidly becoming ineffective due to resistance. As such, it is important to identify novel targets in the malarial genome for rational drug design. The use of x-ray crystallography has led to structures of many P. falciparum proteins and has helped elucidate the structural basis for drug activity and resistance in this species. As a logical next step, our approach surveys the structural genome of P. falciparum for the identification of drug targets. Based on the results of this analysis, we selected enoyl-acyl carrier protein reductase, which we believe to be a prime candidate for virtual screening-based inhibitor discovery.
METHODS

Protein model generation
Molecular models were based on crystallographic PDB entries with released coordinates. In cases where multiple entries existed for a given protein, those with highest resolution, sequence identity closest to wild-type, and bound ligands were chosen with higher priority.
For PDB entries representing more than one instance of the biologically functional quaternary structure, the molecule with the best overall similarity to the other molecules was used. (Overall similarity was measured by summing the pair-wise RMSD with the other structures.) For PDB entries representing a subset of the functional protein, BIOMT transformations were applied to create the missing subunits. For structures without BIOMT annotation, the missing subunits were generated using crystallographic symmetry transformations and quaternary structure information from the literature. Finally, hydrogen atoms were added to the functionally relevant structure and optimized for the lowest energy orientation. Incorrectly formed histidine residues were also corrected.
Pocket identification
Pockets were identified using a recently published algorithm for identifying ligand-binding sites in proteins . Briefly, the algorithm is based on a van der Walls grid potential map using a carbon probe. Bracketing and successive smoothing of that map with two parameter sets produces two distinct maps. One indicates volume considered inside the molecule. The other indicates cavities of empty space. Applying a threshold to the product of those two maps creates solid geometrical objects, which represent the identified pockets. Pockets below a minimum volume are discarded. The algorithm and all pocket analysis routines made use of the ICM software package (MolSoft, 2006) .
Initially, only proteins were included in the calculation of the van der Walls potential map. For molecules with pockets containing prosthetic groups or cofactors, pocket identification was repeated with the inclusion of these bound molecules, and thus each complex was treated as a separate protein. Duplicate pockets within multimeric proteins were identified by clustering the pockets by residue interaction. Within a group of similar pockets, only the best scoring pocket was kept.
Sequence alignment and conservation
Homologous sequences were identified using the online NCBI protein-protein BLAST tool (Altschul et al., 1990) . PDB sequence data was queried, using default parameters, against the non-redundant compilation of GenBank CDS translations, RefSeq proteins, PDB, SwissProt, PIR, and PRF protein sequences. Homologous sequences were selected from each Plasmodium species. If multiple sequences were returned per species, the sequence representing the greatest overall consensus was selected. The single highest scoring sequence from Homo sapiens was selected.
Sequence alignment used the Needleman and Wunsch (1970) algorithm with zero end gap penalties. For each pocket, sequence conservation statistics were gathered for nearby residues whose side chains were within 2.5 Å of the pocket. Residue conservation was defined as (number of identical residues)/(total number of nearby residues). Relative conservation was defined as (residue conservation)/(solvent accessible residue conservation). Solvent accessible residues were those with at least 25% of their surface accessible to a water probe molecule.
Pocket scoring
Pockets were ranked by a scoring function with six terms, with lower scores indicating a better pocket. The general equation of the scoring function is
where C A is the absolute residue conservation and C R is the relative residue conservation. The absolute and relative conservation measures were calculated from pair-wise alignments with Plasmodium yoelii. C H is the absolute conservation with Homo sapiens. V and A are the pocket volume and surface area, respectively. Both V 0 and A 0 were set to 450, an ideal value for these variables (unpublished data). R is the resolution of the crystallographic structure. The relative contributions of the terms were balanced by scaling each, so that the interquartile range (IQR) was 1 and the mean was 0. Resolution was scaled to half the weight of the other terms with an IQR of 0.5.
RESULTS
Pocket identification
Of the 59 crystal structures of Plasmodium falciparum obtained from the PDB, 21 were distinct proteins (Table 1) . These proteins encompass a wide variety of functions, including glycolysis, gluconeogenesis, £ ¢ ¡
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purine salvage, vesicular traffic, and hemoglobin degradation activity. The PocketFinder module in ICM was executed on all 21 proteins. This method identifies all cavities on the surface of a protein and numbers them based on volume, as depicted in Figure 1 . However, because £ ¢ ¡
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several proteins contained repeated subunits in the quaternary structure, many pockets were replicated 2-6 times. As such, the number of pockets per protein varied greatly, from 1 to 24. When duplicates were found, only the pockets with the best score were considered, described below. Structures for three proteins yielded large pockets (volume > 600 Å
3
) that also contained prosthetic groups or cofactors. These included enoyl-acyl carrier protein reductase (ENR), dihydrofolate reductasethymidylate synthase (DHFR-TS), and glutathione reductase (GR). Small molecule inhibitors do not necessarily need to compete out all cofactors and in some cases may have difficulty displacing these tightly bound molecules. As such, we created a second set of proteins excluding their cofactors and performed PocketFinder analysis on both the apo-and cofactor-bound protein set. Scoring and elimination of redundant pockets produced a list of 133.
Sequence conservation
In order to determine which of the pockets identified with the PocketFinder module are functionally relevant, we compared the same regions with another important Plasmodium species, the rodent malarial parasiteP. yoleii. The recent whole genome sequencing of P. yoleii (Carlton et al., 2002) made this task possible for all 21 P. falciparum proteins. Sequence conservation between P. falciparum and P. yoleii (Table 2 ) was performed only on the pocket residues, as identified with PocketFinder. The mean pair-wise £ ¢ ¡
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sequence identity to P. yoleii for all pockets was 0.92. We next sought a measure to identify pockets in the Plasmodium genome that when targeted, would avoid cross-reactivity with the human host. We thus calculated sequence conservation between each of the Plasmodium pockets and their equivalent pockets in the most homologous human proteins. To avoid using homologues similar in sequence but not function, we verified that the published annotation indicated The resolution of the structures ranged from 1.1 to 3.0 Å. Starred ( ) protein names indicate pockets in which a cofactor was included in the template structure. The columns indicate abbreviated protein name, pocket number of the original protein, presence of cofactor or ligand, sequence identity (seq. ident.) between P. falciparum and P. yoelii, relative sequence identity (rel. ident.) between pocket residues and other surface residues, sequence identity to H. sapiens (Hs ident.), volume and area of each pocket, and resolution (res.) of original protein. a similar function and classification in both P. falciparum protein and H. sapiens homologue. The mean human protein sequence identity for all pockets was 0.73. It is important to note that this measurement does not express all types of cross-reactivity with the human host. In particular, it does not address non-specific reactivity or the toxicity of potential drugs designed for these pockets.
Pocket scoring and selection
We have developed a new "drugability" formula for the scoring of pockets on a genome-wide scale. The formula uses the following six terms: (1) absolute residue sequence identity, (2) sequence identity relative to the protein surface, (3) absolute sequence identity with the closest human homologue, (4) pocket volume, (5) pocket surface area, and (6) crystallographic resolution of the protein. All 133 pockets in the P. falciparum genome were ranked according to these criteria and are listed in Table 3 . £ ¢ ¡
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We then rationalized the top 20 pockets of the malarial structural genome for their availability to drug targeting. Five of these pockets were binding sites of existing inhibitors. These included enoyl-acyl carrier protein reductase (ENR), dihydrofolate reductase-thymidylate synthase, plasmepsin II, as well as several pockets of L-lactate dehydrogenase and purine nucleoside phosphorylase. It is important to note that the scoring function specifically excludes any information about known binding sites or co-crystallized molecules. Another top-ranked pocket included adenylosuccinate synthetase bound to GDP. Ligand-bound pockets did not show up in the top 20 ranked pockets, primarily because of the human homologue similarity and the unfavorable volume/surface area. All such pockets showed either human conservation greater than 0.88 or volume greater than 800 Å 3 . The "Ligands" column of Table 2 indicates ligands that, had they been left in the template, would have intersected with the pocket.
Our selection narrowed the results to two pocket candidates: purine nucleoside phosphorylase (PNP) pocket 1, whose inhibition has been shown to prevent P. falciparum growth (Kicska et al., 2002) , and ENR pocket 1, which is involved in the critical process of fatty acid biosynthesis. Due to its important role in the life cycle of malaria, and a lack of suitable therapeutics targeting it, we decided ENR is most amenable for virtual screening based drug discovery.
DISCUSSION
There exists an unmet need to successfully identify novel targets in important pathogens. Other groups have attempted to decipher drugability of active sites by relating to sequence conservation and pocket surface area/size, with mixed results. In the present study, we describe a novel protocol that incorporates these variables in a unique formula for identifying drug-like pockets. Furthermore, we apply this method to an entire structural proteome, a database of targets larger than any group has attempted previously.
We used ICM PocketFinder , a recently developed method for detection of sites on a protein surface that are most amenable to small molecule binding. PocketFinder calculates van der Waals potentials in the vicinity of the protein surface, and identifies and sorts protein surface cavities based on their ability to bind a virtual ligand. The method is independent from any physical ligand-related information and thus allows for pocket identification in apo-as well as bound structures. The efficiency of the method makes it applicable for identification of potential drug targets by screening every structurally-determined protein in a genome.
To validate our protocol on a large scale, we applied the method to the P. falciparum structural proteome. In order to select the most biologically significant targets and sites, we introduced a novel binding pocket scoring function, which included terms for the pocket volume, size, and shape, as well as evolutionary conservation of residues lining each pocket. A high conservation between proteins in the P. falciparum genome and homologous proteins from a related species, P. yoelii, was considered an advantage in the process of pocket scoring. We reasoned that this would ensure their functional relevance as well as increase the chances that drugs developed to target these pockets will cross-react with different members of the Plasmodium genus. However, it is important to mention that this is a very limited attempt to select for the most functionally relevant proteins in a genome. For optimal evaluation, this approach needs to be coupled with other biological and functional aspects of each protein.
Another sequence analysis used in the final pocket scoring function included the comparison between P. falciparum and H. sapiens. Conservation of the residues between each putative target and homologous proteins in human could potentially lead to toxicity due to cross-reactivity, and thus considered unfavorable. While this measure does not account for all types of potential cross-reactivity in human, it enriches the set of top-scoring targets with those that are more biologically significant.
The application of our novel method led to the identification of ENR pocket #1 as the best candidate for structure-based drug design. ENR has not been previously targeted by structure-based drug design; moreover, this is a very important enzyme in the Plasmodium life cycle. We have validated our results in a separate study by targeting ENR with virtual screening and successfully discovering novel small molecule inhibitors (Nicola et al., 2007) . Based on the success of these experiments, we have confidence that the same approach can be used to identify druggable targets in other structural genomes.
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